Erythrocyte antioxidant enzymes are major circulating antioxidant enzymes in the oxidative stress defense system. Few prospective studies have assessed the association between these enzymes and the risk of coronary heart disease (CHD) in generally healthy adults. We conducted a prospective nested case-control study of CHD among 32,826 women at baseline with 15 years of follow-up from 1989 to 2004 in the Nurses' Health Study. We investigated the association of baseline erythrocyte superoxide dismutase (SOD), glutathione peroxidase (GPx), and catalase (CAT) activities with the risk of CHD. A total of 365 cases and 728 controls were included in the analysis. Overall, the relative risks of CHD associated with 1-standard deviation higher SOD, GPx, and CAT activities were 1.07 (95% confidence interval (CI): 0.94, 1.22), 1.04 (95% CI: 0.91, 1.18), and 1.04 (95% CI: 0.92, 1.17), respectively. Multivariable adjustments did not change the associations appreciably. Fasting status did not modify the associations, with the exception that SOD activity was positively associated with the risk of CHD among participants who provided blood samples within 12 hours of fasting. Overall, activities of SOD, GPx, and CAT were not associated with CHD among women who were generally healthy at the time of blood collection.
these biomarkers are influenced by postprandial factors (16, 17) . Animal interventional studies have shown that prolonged starvation or food restriction leads to an inhibition of the synthesis of hepatic antioxidant enzymes, which may be due to suppressed production of insulin and other factors (18, 19) . Although the influence of fasting on antioxidant enzymes has been suggested in animal models, the ways in which fasting status and fasting duration influence the antioxidant enzymes and their ability to predict CHD have not been investigated in large human epidemiologic studies. Thus, we used a prospective study design to 1) examine the associations of CAT, GPx, and SOD activities with future CHD events and 2) determine whether the association is influenced by the duration of fasting before sample collection.
METHODS

Population and study design
The Nurses' Health Study (NHS) enrolled 121,701 women aged 30-55 years in 1976 (20) . Baseline questionnaires on dietary and lifestyle information and self-reported disease information were administered to participants. Participants were followed biennially via questionnaire (20) . Between 1989 and 1991, we collected blood samples from 32,826 NHS participants. We requested that participants provide fasting blood samples, and approximately 77% of the returned samples were collected at least 8 hours after the last meal. The present nested case-control study was conducted among participants aged 43-70 years who provided blood samples and who were free of cardiovascular diseases and cancers at the time of blood collection. The study protocol was approved by the institutional review boards of the Brigham and Women's Hospital (Boston, Massachusetts), the Harvard School of Public Health (Boston, Massachusetts), and the University of Cincinnati (Cincinnati, Ohio).
Case and control selection
Participants were followed from 1989 to 2004 for a median of 8 years (maximum, 15 years) after initial blood collection. During follow-up, we identified 474 newly diagnosed cases of CHD, including nonfatal MI and fatal CHD. Nonfatal MI was defined according to the World Health Organization (Geneva, Switzerland) criteria, which include MI symptoms plus either diagnostic electrocardiographic changes or elevated levels of cardiac enzymes. The documentation process was conducted by physicians using medical records. All physicians were blinded to baseline risk factors reported by study participants. Fatal CHD was documented if it was confirmed by hospital or autopsy records, if it was the cause of death listed on the death certificate, if CHD was the underlying and most plausible cause, or if evidence of previous CHD was available.
Using risk set sampling (18), we randomly selected controls at the time of case diagnosis at a 2:1 ratio. The matching factors were age (within 2 years), smoking status (never, past <15 cigarettes/day, past ≥15 cigarettes/day, current <15 cigarettes/day, or current ≥15 cigarettes/day), month of blood collection (within 2 months), and fasting status (<8 or ≥8 hours). We included 1,093 participants in the final analysis (365 cases and 728 controls; 290 of the original matched case-control sets).
Blood collection
Blood samples were collected in heparin anticoagulant tubes. Participants were asked to place tubes on ice packs in Styrofoam containers and return the sample kits to our central laboratory by overnight courier. The blood samples were processed within 48 hours (most within 36 hours).
Measurement of the activities of SOD, GPx, and CAT Assay procedure. Erythrocyte activity was measured using SOD assay kit number 706002 and GPx assay kit number 703102 (Cayman Chemical Company, Ann Arbor, Michigan). Briefly, the packed erythrocytes were added to ice-cold water and centrifuged at 10,000 × g for 15 minutes at 4°C to obtain erythrocyte lysate. The samples were subsequently measured at different wavelengths (for GPx, 340 nm; for SOD, 440-460 nm). Erythrocyte CAT activity was tested using the method of Beers et al. (19) , which was later modified by Aebi (21) . Briefly, erythrocyte supernatant was diluted with a phosphate buffer. A standard solution was prepared using CAT from bovine liver ( product C1345, Sigma-Aldrich Corp., St. Louis, Missouri). The samples and standard were mixed with 20 mM of hydrogen peroxide. The wavelength absorbance for CAT samples was 240 nm. GPx, CAT, and SOD activities were expressed as U/g of hemoglobin. The average within-run coefficients of variation for SOD, GPx, and CAT measurements were 14%, 10%, and 6%, respectively.
Assay stability in blood samples with delayed processing.
Because the NHS blood samples were stored on ice until they were processed between 24 and 48 hours after blood collection, we needed to evaluate the stability of these assays in this type of sample. We found that the measurements of activity of the 3 antioxidant enzymes taken after 48 hours were not significantly different from those taken immediately after collection (P = 0.7, 0.3, and 0.5 for SOD, GPx, and CAT, respectively). The overall intraclass correlation coefficients (ICCs) for the 3 time points (0, 24, and 48 hours) were 0.2, 0.7, and 0.6 for SOD, GPx, and CAT measurements, respectively. Though the ICC for SOD was low, this was probably due to relatively low between-person variation in this set of samples and the lower number of participants (n = 7); as noted below, the ICC over 1 year was excellent.
Within-person assay reproducibility over a 1-to 2-year period. We measured the 3 enzymes in 40 NHS participants who donated 2 blood samples each at an average interval of 1.4 years. The ICCs for repeated measurements 1.4 years apart were 0.7 for SOD, 0.8 for GPx, and 0.9 for CAT.
Statistical analysis
We used both conditional and unconditional logistic regression models to examine the associations of SOD, GPx, and CAT activities with CHD. Covariates in unconditional models included matching factors (age, smoking status, time and month of blood collection) and body mass index (weight (kg)/height (m) 2 ), physical activity, alcohol intake, To determine the potential influence of fasting duration, we performed the following exploratory analyses: 1) we created 6 groups using 5 cutpoints of fasting duration (8, 10, 12, 14, and 16 hours); 2) we used unconditional logistic regression models to examine the associations of SOD, GPx, and CAT activities with CHD in every stratum of fasting duration; and 3) we tested interactions between SOD, GPx, and CAT activities and fasting duration by including the main effects of the 3 antioxidant enzymes as continuous variables and fasting duration as a categorical variable using the final selected cutpoint (described below). The Wald P value for the interaction term was used for assessing significance. We collapsed fasting strata that had similar trends and then decided on the cutpoint. For instance, the associations between SOD and CHD in participants in each fasting stratum of less than 12 hours were similar, but they were different from the fasting strata of 12 or more hours. Therefore, we used 12 hours as a cutpoint. We did not observe different trends of the associations of GPx and CAT with CHD in any stratum of fasting, irrespective of the cutpoints. All P values were 2-sided. All analyses were performed using SAS, version 9.3, software (SAS Institute, Inc., Cary, North Carolina).
RESULTS
Baseline characteristics
At baseline, cases had higher body mass index values, low-density lipoprotein cholesterol, triglycerides, and Creactive protein; they had greater proportions of family history of MI, history of diabetes, and history of hypertension; and they had lower high-density lipoprotein cholesterol and alcohol intake than controls (Table 1) . Overall, the SOD, GPx, and CAT activities were not significantly different between cases and controls.
SOD, GPx, and CAT activities and baseline factors in controls SOD activity was inversely correlated with high-density lipoprotein cholesterol (P = 0.01) and physical activity (P = 0.03) (Web Table 1 , available at http://aje.oxfordjournals.org/). Higher quintiles of SOD activity were associated with greater proportions of current smokers (P = 0.01). GPx activity was positively associated with history of diabetes (P = 0.03) and hormone replacement therapy (P < 0.01) and was negatively associated with low-density lipoprotein cholesterol (P = 0.04) and proportion of current smokers (P = 0.02). CAT activity was positively associated with age (P = 0.04), body mass index value (P = 0.04), and proportion of postmenopausal women (P = 0.02) and negatively associated with alcohol intake (P < 0.01) and proportion of current smokers (P = 0.02).
SOD, GPx, and CAT activities and CHD
Overall, we did not find that these markers were associated with CHD risk ( Table 2 ). The relative risks of CHD associated with 1-standard deviation higher SOD, GPx, and CAT activities were 1.07 (95% confidence interval (CI): 0.94, 1.22), 1.04 (95% CI: 0.91, 1.18), and 1.04 (95% CI: 0.92, 1.17), respectively. Multivariable adjustments did not change the associations appreciably. We did not find significant associations of SOD, GPX, and CAT with CHD when we alternatively classified these enzymes into quintiles (Table 2) .
After testing the interactions of SOD, GPx, and CAT activities with age, history of diabetes, and body mass index value, we found an interaction only for CAT activity with diabetes (P = 0.01). We further tested the association between CAT activity and risk of CHD stratified by history of diabetes (54 cases and 41 controls in women with diabetes; 311 cases and 687 controls in women without diabetes) and found that higher levels of CAT activity ( per 1-standard deviation increase) were associated with lower risk of CHD in women with diabetes (relative risk (RR) = 0.49, 95% CI: 0.27, 0.88), but not in those without diabetes (RR = 1.10, 95% CI: 0.96, 1.27). a Quintiles of SOD, GPx, and CAT activities were calculated using the distributions in controls. b Adjusted for age, smoking, time and month of blood collection, body mass index (weight (kg)/height (m) 2 ), physical activity, alcohol intake, menopausal status, family history of myocardial infarction, history of diabetes, history of hypertension, hormone replacement therapy, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglycerides, and C-reactive protein.
c Measured in U/mg of hemoglobin.
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SOD, GPx, and CAT activities and CHD, stratified by fasting duration
We observed different trends of the association between SOD and CHD in fasting strata of less than 12 hours compared with fasting strata of 12 hours or more (Figure 1 ). In multivariable adjusted models, the relative risk of CHD for a 1-standard deviation greater level of SOD activity was 1.25 (95% CI: 1.03, 1.52) for all participants in fasting strata of less than 12 hours ( Figure 1 ); in contrast, there was no association with CHD in fasting strata of 12 hours or more (RR = 0.85, 95% CI: 0.68, 1.05). When we classified SOD into quintiles among fasting strata of less than 12 hours, the relative risk between the extreme quintiles (top vs. bottom quintile) was 2.34 (95% CI: 1.26, 4.33). The interaction between SOD activity and fasting duration was marginally significant (P = 0.08). Neither GPx nor CAT activity was associated with CHD in the fasting strata of less than 12 hours or 12 hours or more (Figures 2 and 3 ).We did not observe different patterns of the associations between GPx and CAT activities and CHD when we used other cutpoints of fasting duration (Appendix Table 1 ).
DISCUSSION
Many studies have investigated the associations of SOD, GPx, and CAT activities with CHD among individuals who already have CHD (22) (23) (24) (25) (26) ; however, few prospective studies have examined the associations of SOD, GPx, and CAT activities in erythrocytes with future CHD events within generally healthy, free-living populations. In this prospective study of women who were free of cardiovascular disease at the time of blood collection, SOD, GPx, and CAT activities were not associated with risk of CHD. The findings suggest that activities of erythrocyte antioxidant enzymes do not predict the risk of CHD among healthy women.
The null association between GPx and CHD that we observed in the current study is in agreement with the results of 1 prospective study (12) , but not with the results of 2 others (13, 14) . Indeed, the prospective studies that found inverse associations were all performed in participants who had CHD at baseline (13, 14) . Therefore, this discrepancy is likely due to the fact that the activity of GPx may be different in participants with CHD versus those without CHD at baseline. In an overall healthy population, GPx may not be the major antioxidant enzyme to neutralize free radicals. However, in individuals with existing CHD, the negative association between GPx and CHD suggests that GPx may play an important role in protecting heart tissue from oxidative damage after a cardiovascular event (13, 14) . In participants with either angina or coronary artery disease, the level of oxidative stress can be exceptionally high and, thus, an exhaustion of GPx activity can result in recurrent CHD events. An alternative explanation to the findings in a population with existing cardiovascular disease is reverse causation. In line with the work of Blankenberg et al. (13) and Schnabel et al. (14) , several case-control studies found lower GPx activity in CHD cases than in controls (27) (28) (29) . These studies measured GPx after CHD was diagnosed. Collectively, GPx may have predictive value for CHD recurrence in people with CHD but not in those without existing CHD.
No previous prospective study has investigated the association between CAT and CHD. The null association between CAT and CHD in our study conflicts with the results of several case-control studies that found inverse associations between CAT and CHD (25, 26, 30) . Similarly, the discrepancy may be due to different study designs (i.e., whether blood was collected before or after CHD diagnoses), as mentioned above. We observed a significant association between SOD and CHD in women who had fasted for less than 12 hours before blood collection but not in those who had fasted for 12 hours or more. Two hypotheses could explain the differential findings in different fasting strata. First, the positive relationship between SOD and CHD may indicate a compensatory mechanism of the antioxidant defense system against elevated oxidative stress (24, 31) . This scenario resembles the prediabetic stage, in which insulin levels increase in response to elevated glucose levels. The significant association observed in the fasting strata of less than 12 hours may indicate greater postprandial oxidative stress in CHD cases than in healthy controls within the 12-hour fasting window. Although this finding may be influenced by diet before blood collection, it may be mainly due to the duration of fasting rather than the actual dietary components. This is similar to the way in which elevated insulin levels are mainly influenced by duration of fasting rather than dietary components in prediabetic (insulin-resistant) patients. Second, SOD offers first-line antioxidant defense against oxidative damage, in contrast to GPx and CAT (32, 33) ; this may explain why we did not observe similar patterns of association of GPx and CAT with CHD in this population. There were almost equal numbers of cases and controls in each fasting stratum (i.e., <12-hour and ≥12-hour strata). The distributions of major possible confounders (e.g., smoking, physical activity, and high-density lipoprotein cholesterol) among cases and controls were similar across the 2 strata. Thus, both groups had equal power to detect a significant relationship, though residual confounding may still exist. Future research is warranted to confirm this finding and to elucidate the potential underlying mechanisms.
The present study has several strengths, including the relatively large numbers of CHD cases and controls. In addition, previous case-control studies (24, 34) collected blood samples after CHD was diagnosed. Our prospective study design among a generally healthy population reduces the possibility of reverse causation, although an effect of subclinical disease on biomarkers cannot be excluded.
A limitation of this study is that we do not know whether a single blood sample reflects average levels of SOD, GPx, and CAT over a prolonged period of time. The high ICC suggests that a single measurement reflects a chronic condition for at least a 1-to 2-year period. However, repeated measurements over several years would be ideal. Further, because of the observational nature of our study, the findings may be due to chance. We did not measure SOD, GPx, and CAT activities in tissue, which may be more relevant to CHD outcome. However, we used erythrocyte antioxidant enzymes as markers for antioxidant defense, because activities of these antioxidant enzymes can be measured easily in clinical settings and have been shown to be useful in assessing CHD risk among patients with CHD (13). Although we have adjusted for the time of day of blood collection (morning vs. afternoon), we cannot exclude the possibility of residual confounding of the specific time of blood collection on the associations between antioxidant enzymes and the risk of CHD. All blood samples (from cases and controls) were properly stored in liquidnitrogen freezers (at −130°C or colder) for the same period of time before measurement of antioxidant enzymes. Therefore, we can generally assume that antioxidant enzymes would be affected similarly if there were any influence. However, there is a possibility that activities of antioxidant enzymes in cases and controls were affected differently even under the same duration of storage. This is considered to be a universal concern for biospecimens collected in large long-term cohorts. Lastly, the participants in our study may not be representative of the general population, because the rate of CHD death in the NHS is lower than that in the US population as a whole.
In summary, we found no overall relationship between the activities of SOD, GPx, and CAT and the risk of CHD among a group of generally healthy women. Notably, higher SOD activity was significantly associated with greater risk of CHD among women who provided blood samples within a 12-hour fasting window. This finding merits further confirmation in other prospective studies.
